Eur. Phys. J. A 31, 465-467 (2007)
DOI 10.1140/epja/i2007-10004-8

THE EUROPEAN
PHYSICAL JOURNAL A

Special Article — QNP 2006

On the coherent inelastic processes in the interaction of hadrons
and ~-quanta with nuclei at ultrarelativistic energies

V.L. Lyuboshitz and V.V. Lyuboshitz?®

Joint Institute for Nuclear Research, 141980 Dubna, Moscow Region, Russia

Received: 8 January 2007

Published online: 23 March 2007 — (© Societa Italiana di Fisica / Springer-Verlag 2007

Abstract. The coherent inelastic processes of the type a — b, which may take place in the collisions of
hadrons and y-quanta with nuclei at very high energies (the nucleus remains the same), are theoretically
investigated. The influence of matter inside the nucleus is taken into account by using the optical model
based on the concept of refraction index. Analytical formulas for the effective cross-section ocon(a — b)
are obtained, taking into account that at ultrarelativistic energies the main contribution into ocon(a — b)
is provided by very small transferred momenta in the vicinity of the minimum longitudinal momentum

transferred to the nucleus.

PACS. 13.85.-t Hadron-induced high- and super-high-energy interactions (energy > 10 GeV) — 13.85.Fb

Inelastic scattering: two-particle final states

1 Momentum transfer at ultrarelativistic
energies and coherent reactions on nuclei

In the present work we will investigate theoretically the
processes of inelastic coherent scattering at collisions of
particles with nuclei at very high energies. It is essential
that at ultrarelativistic energies the minimum longitudi-
nal momentum transferred to a nucleus tends to zero, and
in connection with this the role of coherent processes in-
creases.

Let

farnspen(a)= [Zfa+pab+p(q)+(A —Z) fatn—bn(q)]/A

be the average amplitude of an inelastic process a + N —
b+ N on a separate nucleon in the rest frame of the nu-
cleus (laboratory frame). Here Z is the number of protons
in the target nucleus, (A — Z) is the number of neutrons
in the target nucleus, q = kj —k, is the momentum trans-
ferred to the nucleon, k, and k; are the momenta of the
particles a and b, respectively. In the framework of the
impulse approximation [1], taking into account the inter-
ference phase shifts at the inelastic scattering of a particle
a on the system of nucleons, the expression for the effec-
tive cross-section of the coherent inelastic process a — b
on a nucleus can be presented in the following form:

Geon(a = b) = / fornopin(@PP@d2, (1)

where df2, is the element of the solid angle of flight of
the particle b in the laboratory frame, and the magnitude
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P(q) has the meaning of the probability of the event that
at the collision with the particle a all the nucleons will re-
main in the nucleus and the quantum state of the nucleus
will not change. Let us introduce the nucleon density n(r)
normalized by the total number of nucleons in the nucleus:
[y n(r)d®r = A, where the integration is performed over
the volume of the nucleus. Then

P(q) = ‘/V”(P,Z)eXP(_iQLP)eXp(—iq||z)d2pdz2. (2)

Here the axis z is parallel to the initial momentum k,,
q. and g are the transverse and longitudinal components
of the transferred momentum, respectively.

It is easy to see that the momenta |q| < 1/R, trans-
ferred to a nucleon (R is the radius of a nucleus), give the
main contribution to the effective cross-section of the co-
herent inelastic process a — b on the nucleus. At ultrarel-
ativistic energies, when E, > 1/R, E, > 1/R, the recoil
energy of the nucleon Eye. ~ |q|?/my < (myR?)™! and
the much smaller recoil energy of the nucleus can be ne-
glected. In doing so, the effective flight angles for the par-
ticle b are very small: § < 1/kR < 1, where k = E, ~ Ej.
Then it is possible to assume in eqs. (1) and (2) that the
transverse and longitudinal transferred momenta are as
follows:

m2 — m}

TR

where m, and m; are the masses of the particles a and
b, respectively. Here gmin is the minimum transferred mo-
mentum corresponding to the “forward” direction.

|qi| = ka: 4| = min =
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In most cases the characteristic momentum trans-
ferred to the nucleus at the inelastic coherent scatter-
ing (g ~ 1/R) is small as compared with the char-
acteristic momentum transferred to the nucleon in the
process a + N — b+ N. In connection with this, the
amplitude f,+n—pen(q) in eq. (1) can be replaced by
its value f,4N_p+n(0) corresponding to the flight of the
particle b in the “forward” direction. Taking into ac-
count that at small angles 6 the solid angle in eq. (1)
is df2, = sinfdfd¢ ~ d2q, /k* and using the properties
of the two-dimensional d-function, we obtain, as a result
of integrating the expression (1) over the transverse trans-
ferred momenta and over the volume of the nucleus, the
following equation:

472 2
Ocoh (a — b) = —2|fa+N—>b+N (0)|

<[ (| to2evciamn e @

where ¢min is determined by eq. (3).

In the case of a spherical nucleus with the radius R and
the constant density of nucleons ng = 34/47R?, eq. (4)
gives at sufficiently high energies, when ¢uin R < 1,

87° , 2 p4
Ocon(a — b) = ?no |farN—b+N(0)"R" =
I

WAQ | far N (0)]°. (5)

2 Effect of matter inside the nucleus on
coherent processes

In the relations obtained above the multiple scattering of
the initial and final particles on nucleons of the nucleus
was neglected. This is possible when the mean free paths
of particles a and b inside the nucleus are much greater
than the nuclear radius R. Actually, the role of matter in-
side the nucleus may be essential, especially in the case of
medium and heavy nuclei. For the analysis of the effects of
matter inside the nucleus we will apply the optical model
of the nucleus at high energy based on the concept of re-
fraction index [1,2].

Taking into account the refraction indices of the par-
ticles a and b, the influence of matter inside the nucleus
on the coherent inelastic processes implies the introduc-
tion of the additional complex phase shift into eq. (4):
the exponential factor exp(—igminz) is replaced by Q =
exp[—igminz + 10(p, 2)]. In the case of the spherical nu-
cleus with the constant density n(p, z) = ng inside the
interval 0 < z < \/R2—p2 (p = |p|) and n(p, z) = 0
outside this interval, the additional phase inside the con-
sidered interval is described by the equation

6(pa Z) = (Xa - Xb) z+ 2Xb \% R? — p2 s (6)

where
2mn,
Xa = —k 0fa+N—>a+N(O)7

_ 2mng
Xb = 2

Joa NN (0). (7)
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Here k = E, is the initial energy in the rest frame
of the nucleus (laboratory frame); f,+n—atrn(0) and
fo+N—b+n(0) are the average amplitudes of the elastic
scattering of the particles a and b on a nucleon at the zero
angle in the laboratory frame; the complex magnitudes x,
and x; describe the phase shifts and the absorption of the
particles a and b at their passage through the matter inside
the nucleus, connected with the difference of the refraction
indices from unity. The relations (7) hold at |x.|/k < 1,
Ixs|/k < 1. Let us note that the quantity Re(xs — x,) de-
termines the additional longitudinal transferred momen-
tum connected with the presence of the matter.

Using the optical theorem [3], we can rewrite the rela-
tions (7) in the form

Xa =ino(l —iay)oun/2, xp=1in0(l —icp)osn/2,

where 0., and oy, are the total interaction cross-sections
of the particles a and b with nucleons, averaged over the
protons and neutrons of the nucleus, a, and «; are the
ratios of the real parts of the amplitudes fo+N—qs+n(0)
and fp+n—p+n(0), respectively, to their imaginary parts.
Taking into account eq. (6), after the replacement
Gmin? — gminz —0(p, z) in eq. (4) and the integration over
z, we obtain the following expression for the cross-section
of the coherent reaction a — b on a nucleus:
8_7"3 o | far Nobi N (0)]?
"0 guuin + AP

X /OR‘ exp [—2i (Gmin — Xa)V R? — p2]
— exp [2iXb\/R2 - p2] ‘2 pdp. (8)

where Ax = xa — Xb-

Ocon(a — b) =

3 Dependence of the cross-sections of the
inelastic coherent processes on the nuclear
radius

The results of the sect. 1 are valid when all effects con-
nected with the rescattering of particles in the matter in-
side the nucleus are practically absent. In this situation
the probabilities of absorption of the particles a and b
and the additional phase shifts at their passage through
the nucleus are close to zero. In the case of a spherical nu-
cleus with the constant density of nucleons, this leads to
the restriction |x,|R < 1, |[xs|R < lor L, > R, L, > R,
where L, = (noo,n) ! and Ly = (ngopn) ' are the mean
free paths inside the nucleus.

In the case of medium and heavy nuclei the radius of
the nucleus R ~ 1.1-10~'3 A'/3 c¢m; then the density of
nucleons, incorporated in eq. (8), amounts to ng ~ 0.28 -
1039 cm—3.

It follows from eq. (8) that when both the mean
free paths are small as compared with the nuclear ra-
dius (L, <€ R, L, <€ R), the coherent processes are
conditioned only by the peripheral collisions of the ini-
tial particle ¢ with the nucleons located in the surface
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layer of the nucleus. In the considered case, neglecting in
eq. (8) the particle masses (|gmin| < |AX|), we obtain at

Jor N—p4N(0) # farN—satN(0):

Ocon(a — b) =
. | fat N—b+n (0)) [L_Z " L_Z
| fo+-N—b+n5(0) = farnoatn(0)]2 | 2 2

- 1@
La + Lb + i(LaOéb — Lbaa) )

+4L2L; Re (

Let us consider now the situation when the total cross-
section of the interaction of the initial particle a with nu-
cleons is small, so that o,n < opn, Ly > R, Ly S R; in
doing so, the relation |f,4N—s4+n8(0)] < |fo4n—b+n(0)]
should hold. In particular, we can deal with the coherent
production of vector mesons p°,w, ¢ at the interaction of
very high-energy photons with nuclei.

In the considered case eq. (8) (without the terms, de-
pending on the masses m, and my) gives

2

Ocon(a = b) = 7R? 7fﬂ+N%b+N(0)
Cco. -
fo+N—b+n(0)
11 o 1-a? .
X{1+E|:§(1_€ )—4m(1—6 COSC!.’I,')
8a . 1 4 .
—me Sin ax +E me COos ax
4
- l—l-—a2 e Tsinar — 621] }, (10)
«Q

where a = ap, © = ngopynR = R/Ly. At z > 1 (large
cross-sections oy n, heavy nuclei) we obtain the simple ex-
pression

farn—p+n(0) 2

oeon(a — b) = TR?
h ) foen—p4n(0)

(11)

Let us emphasize that, according to eq. (11), the effec-
tive cross-section of the coherent process a — b on a nu-
cleus at very high energies has the same dependence on the
number of nucleons (proportional to A%/%) as the scatter-
ing cross-section of the final particle b on the “black” nu-
cleus, despite the smallness of the interaction cross-section
of the initial particle a (for example, y-quantum) with a
separate nucleon (in connection with this, see [4,5]).

For the coherent process v — p° on the lead nu-
cleus (R = 1.1-107% A3 cm ~ 6.5Fm, L, ~ 1.5Fm,
| fy4N—p4 N (0)/ fps N pi v (0)]F ~ 1072), the formula (11)
is applicable at the energies of y-quanta above several tens
of GeV in the nucleus rest frame (k> m2L, ~ 4.5GeV).
In doing s0, gcon(y + Pb — p® + Pb) ~ 1.3 mbn.

When, on the contrary, o,n > osn, Ly > R, Ly, ~ R,
|[farN—b+N(0)] < [fatN—arn(0)], then the effective
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cross-section of the coherent production of the particle b
is described by the same formulae (10), (11), in which one
should take = R/L,, a = «, and replace the amplitude

fo+N—b+N(0) by fatrN—atn(0).
Taking into account that

foanob+n(0) =ik opn (1 — ioy) /4,

it is easy to verify that the expansion of the expression (10)
into the power series over the parameter x leads at z < 1
to the relation (5), just as one would expect at the con-
ditions L, > R,L, > R. In this limit ocon(a — b) is
proportional to R* (or to A*/3).

4 Summary

In the present work the coherent processes at the interac-
tion of ultrarelativistic particles with atomic nuclei are in-
vestigated. The role of these processes essentially increases
at very high energies due to the fact that the minimum
momentum, transferred to a nucleon, tends to zero with
increasing energy. For the purpose of the analysis of the in-
fluence of matter inside the nucleus on coherent reactions,
the concept of refraction index is used. The relations, de-
scribing the dependence of the effective cross-sections of
the inelastic processes on the nuclear radius and the mean
free paths of the initial and final particles in the matter
inside the nucleus, are obtained.

We did not consider the reverse transitions at the
propagation of final particles in the matter inside the
nucleus. In principle, the contribution of these transitions
could be studied in the framework of the theory taking
into account the distinction of the stationary states in
the matter from the stationary states in the vacuum due
to the mixing of the vacuum states. One may expect that
really, with existing sizes of nuclei, the corresponding
effects are relatively small.
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